Near-stoichiometric SiO 2 films, with little H incorporation and wet etch rates 1.5-3 times that of thermal oxide, have been deposited in a low pressure oxygen/silane helicon diffusion plasma, which has been pulsed with a 50% duty cycle at frequencies from 0.005 Hz to 1 kHz. At low pulse frequencies, the deposition rate is about 50% of the continuous rate, but as the pulse frequency increases from 0.1 to 100 Hz, the deposition rate increases and equals that for a continuous plasma. A likely explanation is that deposition from silane radicals and oxygen continues to take place in the afterglow after the plasma has extinguished. A simple model gives a time constant for this process of about 200 ms. © 1995 American Institute of Physics.
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Deposition of silicon dioxide ͑SiO 2 ) thin films from oxygen/silane (O 2 /SiH 4 ͒ plasmas created in a helicon diffusion reactor has been recently carried out. 1, 2 The ion flux impinging onto the substrate during the deposition process is an important parameter. 2 It can be controlled by increasing the rf power supplied to the plasma to increase the ion current or increasing the rf bias on the substrate to increase the ion energy. Another way of decoupling the roles of the ions and neutral species is by pulsing the plasma, as the ions generally have shorter lifetimes than the neutrals. 3 We present here initial results on the deposition kinetics and film properties when pulsing the plasma with a square modulation of variable frequency f ͑0.005-1000 Hz͒ and a constant duty cycle of 50% for constant rf plasma power ͑800 W͒, pressure ͑Ϸ2 mTorr͒ and magnetic field ͑70 G͒ conditions, but no rf bias purposely applied to the substrate. The experiments were carried out in a helicon deposition reactor which has been described previously. 4, 5, 11 Briefly, it consists of a 15 cm diam, 30 cm long glass tube ͑the source͒ surrounded by a helicon antenna 2 and two solenoids, which are contiguous with a 35 cm diam, 30 cm long aluminum diffusion chamber surrounded by two solenoids. The matching network configuration used for these experiments consists of a high impedance ͑two loops in series͒ silver plated copper helicon antenna ͑double saddle coil type͒ connected to variable vacuum capacitors to form an L resonant circuit. In pulsed operation the rf generator/matchbox system has rise and fall times of about 80 and 60 s, respectively. The reactor ͑source and chamber attached͒ is pumped down to a base pressure of about 2.10 Ϫ5 Torr by using a turbomolecular pump placed on top of the source. Oxygen and silane enter via two separate tubes situated at the top ports of the chamber and the effective pumping speed in the chamber is about 180 liters per second. The substrate table, which is cooled by water at about 15°C, is situated at the bottom of the diffusion chamber. The latter is equipped with an in situ ellipsometer which allows a control of the film thickness and refractive index during the deposition process. 1, 2 A series of 5000 Å thick silicon dioxide films was deposited for f ranging from 0.005 to 1000 Hz and for a continuous plasma at 13.56 MHz on 2 in. n͑100͒ type wafers attached with vacuum grease to a 4 in. wafer. The later was mechanically clamped on the substrate table. Due to the relatively poor thermal contact between the wafers and the substrate table, the 2 in. wafer could be heated by the plasma up to a temperature of about 200°C. 2 The substrate table was electrically ''floating.'' We have previously shown that nearstoichiometric oxides ͓͑O͔/͓Si͔у1.95͒ can be deposited in this system by using O 2 /SiH 4 flow rate ratios greater than 2 at 800 W and 2 mTorr rf power and pressure conditions, respectively.
1,2 A flow rate ratio of about 3 (O 2 /SiH 4 ϭ20 sccm/7 sccm͒ was chosen for the experiments presented here. However, to prevent any adhesion problem of the ''stoichiometric'' (O 2 /SiH 4 ϭ20 sccm/7 sccm͒ silicon dioxide layer, a slightly nonstoichiometric (O 2 /SiH 4 ϭ20 sccm/15 sccm͒ ''buffer'' layer of about 500 Å was systematically first deposited. The ''stoichiometric'' layer was grown on top of the ''buffer'' layer ͑without extinguishing the plasma͒ up to a thickness of about 5000 Å for the pulsed and continuous excitation.
Three films were grown using a continuous plasma at 13.56 MHz: a 5000 Å thick ''buffer'' layer ͑BL͒ with an O 2 /SiH 4 flow rate ratio of 1.3 and two 5000 Å thick ''stoichiometric'' layers ͑CL1 and CL2͒ using an O 2 /SiH 4 flow rate ratio of 3 but slightly different tunings ͑standing wave ratio of 1.4 and 1.7, respectively͒. As mentioned above, these last two layers include a 500 Å thick buffer layer. Thermal SiO 2 ͑TO͒ of the same thickness was used as a standard for comparison. The films where characterized using in situ ellipsometry and ex situ diagnostic techniques: Fourier transform infrared spectroscopy ͑FTIR͒ and chemical etching in HF͑40%͒:HNO 3 ͑70%͒:H 2 O͑3:2:60͒ solution ͑p etch͒. Measurements of the deposition rate, refractive index, infrared ͑IR͒ Si-O stretching frequency, and p-etch rate are reported. Table I shows the characteristics obtained for layers deposited with continuous excitation and for a thermal oxide.
The mean deposition rate is shown in Fig. 1 that the average deposition rate with short pulse lengths ͑f у100 Hz͒ was comparable to that for continuous excitation (Ϸ47 nm min
Ϫ1
). For very low frequencies ͑f р10 Ϫ2 Hz͒, the deposition rate was approximately 50% of the continuous rate, as might be expected from 50% duty cycle in the pulsed experiments. A large frequency range (10 Ϫ2 HzϽfϽ100 Hz͒ presented deposition rates between 50% and 100% of the continuous rate, suggesting that the deposition is continuing in the post discharge long after the plasma decays, if the deposition is not enhanced during the pulse by exactly the correct factor to compensate for the duty cycle of 50%, which is unlikely. Figure 2 shows the evolution of the refractive index and IR Si-O stretching peak absorption frequency as a function of f. The refractive index measured for a 5000 Å thick ''buffer'' layer and a 5000 Å thick ''stoichiometric'' layer, both deposited from a 13.56 MHz continuous plasma, are about 1.48 and 1.46 respectively ͑Table I͒. The refractive index of each layer containing the 500 Å thick buffer layer, i.e., the ''stoichiometric'' layer and the pulsed plasma deposited layers, is slightly overestimated because of the presence of the ''buffer'' layer and the precision on the index is about Ϯ0.006. All the pulsed plasma deposited oxides present a refractive index comparable to that of thermally grown oxide 1 ͑Table I͒ suggesting that our deposited films are close to stoichiometric oxides.
The frequency associated with the stretching Si-O-Si vibration mode is frequently used in order to follow structural modifications of the Si-O-Si bond angle ͑ϳ144°for a relaxed thermal oxide͒. Similar values of the Si-O stretching peak frequency ͑ϳ1078 cm
) are obtained for the pulsed plasma deposited layers as shown in Fig. 2 . The continuous 5000 Å thick ''buffer'' and ''stoichiometric'' layers present a stretching peak frequency at ϳ1063 and ϳ1084 cm
, respectively ͑Table I͒. A significant difference is however observed between the plasma deposited oxides and the thermal oxide ͑ϳ1094 cm Ϫ1 ), indicating on average a smaller intertetrahedral bond angle for the plasma deposited oxides compared to that of the thermal oxide. 1 The low stretching frequency ͑ϳ1063 cm
) measured for the 5000 Å thick ''buffer'' layer derives from the presence of hydrogen containing bonds 1 such as SiH ͑ϳ2270, ϳ2150, and ϳ880 cm
) and Si-OH ͑ϳ3620, ϳ3380 cm
) in the corresponding spectrum. Except for a very small signal detected at ϳ3620 cm Ϫ1 in some of the spectra of the pulsed deposited films ͑which is probably a consequence of the presence of the thin buffer layer͒, no hydrogen-containing bonds were detected in most of the stoichiometric deposited oxides. As it is generally assumed that the IR detection limit is lower than 1% for films of thickness greater than 5000 Å, 1 we conclude that the concentrations of Si-H and Si-OH groups in the films ͑except in the buffer layer͒ are less than a few percent. In summary, the refractive index and IR results indicate that all the oxides deposited by using an O 2 /SiH 4 flow rate ratio of 3 and a thin silicon rich buffer layer are nearstoichiometric, independent of the pulsing frequency. TABLE I. Film characteristics obtained for the first ͑standing wave ratio of 1.4͒ and second ͑standing wave ratio of 1.7͒ continuous layers (RϭO 2 /SiH 4 ϭ3, 800 W continuous, 5000 Å thick including a 500 Å thick buffer layer͒, for the buffer layer (RϭO 2 /SiH 4 ϭ1.3, 800 W continuous 5000 Å thick͒ and for a 5000 Å thick thermal oxide film.
Continuous layer ͑CL1͒

Continuous layer ͑CL2͒
Buffer layer ͑BL͒ The chemical etch rate of the plasma deposited films was measured using the ''p-etch'' solution and compared to that of thermal SiO 2 . This solution is known to be extremely sensitive to differences in density, stoichiometry, bond strain, and impurities in silicon dioxide films. 1 The p-etch rate of the deposited films is plotted as a function of f in Fig. 3 . As f is decreased, the p-etch rate decreases toward the values obtained for the continuous case ͑4 Å s Ϫ1 in Table I͒ , which is twice that of a thermally grown oxide sample ͑2 Å s Ϫ1 in Table I͒ . The wet etch rates obtained for films deposited over the whole range of f stay within a small range ͑3-6 Å s Ϫ1 ͒ indicating that the films have similar structural properties. The slower etch rates obtained with decreasing f correspond to slower deposition rates ͑Fig. 1͒, implying a smaller fraction of voids when the network relaxation is facilitated during the deposition process.
1,2
The film characterization experiments show that the structural and optical properties of the deposited films are very similar over the whole range of f and further analysis of the deposition kinetics for pulsed excitation can be made.
The results in Fig. 1 have shown that deposition continues in the postdischarge and the simplest model consists of assuming a constant deposition rate during the pulse ͓R(t)ϭR c ͔ and an exponential decay of the deposition rate in the postdischarge ͓R(t)ϭR c exp(Ϫt/)͔ with a time constant , and with t referenced to the end of the pulse. The mean deposition rate is then given by the following equation:
where T is the period, T on is the time the rf power is on, T off is the time ͑referenced to the end of the pulse͒ the rf power is off, R c is the deposition rate for continuous excitation, and is the time constant for deposition in the postdischarge. For a duty cycle of 50% ͑T on ϭT off ϭT/2), the mean deposition rate is simply described by:
The experimental results on the deposition rate versus f were fitted by taking a deposition rate for continuous excitation of 47 nm min Ϫ1 ͑average of CL1 and CL2͒ and by adjusting the time constant . The best fit, shown by crosses in Fig. 1, corresponds to a time constant of 200 ms. The small difference ͑Ͻ10%͒ observed between the measured and calculated mean deposition rates for frequencies lower than 1 Hz could be related to small changes in the tuning as shown in Table I .
The decay of the plasma density, which was measured in oxygen gas by electrostatic probe ͑Langmuir probe͒, was found to be about 1 ms. 5 Hence, the time constant of 200 ms previously obtained shows that deposition is continuing in the postdischarge long after the plasma decays. There are two phenomena which have a time scale similar to that of the deposition rate in the postdischarge. The first corresponds to the residence time of the species in the reactor, which is 190 ms for the effective pumping speed of 180 liters per second and a volume of 34 liters. The second concerns the time constant for the formation of one monolayer of SiO 2 , as it takes 200 ms to grow 1.6 Å ͑distance between the Si and O atoms in a SiO 4 tetrahedron͒ at a deposition rate of 47 nm min
Ϫ1
. These two phenomena may be of importance but considerable experiments need to be conducted.
Still, if the reactive sticking coefficient of the Si bearing radicals is close to unity, 6 their deposition rate in the postdischarge should be essentially dependent on the average transit time of the particles to the wall after the rf is turned off. For thermal species moving across a 17 cm radius cylindrical chamber the transit time is about 400 s. Hence, other phenomena must be limiting the deposition rate in the postdischarge, which are likely to be associated with surface reactions at the wall. The latter are adsorption of deposition precursors, surface diffusion, desorption, and reactions with O atoms. 7 Recent modeling by Raupp et al. 6 has shown that O atom reactions in the gas phase or on the surface are the rate limiting deposition steps: The deposition process essentially consists of a first adsorption of the precursors followed by oxidative attack of these precursors by oxygen atoms or ions, the latter step being rate determining.
In conclusion, deposition of near-stoichiometric silicon dioxide with little H incorporation and wet etch rates 1.5-3 times that of thermal oxide has been successfully performed by using pulsed excitation and the results obtained from our simple model of the pulsed plasma suggests that deposition is continuing in the postdischarge long after the plasma decays, without altering the quality of the deposited layers.
